We demonstrate a method for the controlled implantation of single ions into a silicon substrate with energy of sub-20-keV. The method is based on the collection of electron-hole pairs generated in the substrate by the impact of a single ion. We have used the method to implant single 14-keV The ability to configure semiconductor devices with controlled doping can have many applications. For example, solid state quantum computer architectures based on nuclear spin, 1 electron spin 2 or charge 3 require precision placement of single 31 P atoms in a silicon matrix and registration to control electrodes that allow the quantum state of individual atoms to be manipulated and read out. Controlled doping could also overcome performance degradation in sub-100 nm scale classical devices where lack of precision in dopant placement and number leads to problems with statistical fluctuations in electrical characteristics.
The ability to configure semiconductor devices with controlled doping can have many applications. For example, solid state quantum computer architectures based on nuclear spin, 1 electron spin 2 or charge 3 require precision placement of single 31 P atoms in a silicon matrix and registration to control electrodes that allow the quantum state of individual atoms to be manipulated and read out. Controlled doping could also overcome performance degradation in sub-100 nm scale classical devices where lack of precision in dopant placement and number leads to problems with statistical fluctuations in electrical characteristics. 4, 5 Atomicprecision doping techniques employing "bottom-up" nanoassembly have recently emerged 6 to address these problems. Ion implantation is a "top-down" approach to semiconductor doping applied widely due to the ease with which the depth and spatial distribution of dopants can be controlled by selection of the ion energy and use of surface masks, respectively. Single-ion control of the implantation process has been demonstrated based on counting the bursts of secondary electrons from each ion impact. Sub-100 nm precision placement of single 31 P ions has been previously achieved with a 60 keV ion beam in a specially configured focused ion beam ͑FIB͒ microscope, which demonstrated the reduction of statistical fluctuations in the resistance of nanoscale silicon resistors. [7] [8] [9] Recent work has employed highly charged ions to produce significantly more secondary electrons per ion strike. 10 However, the detection of secondary-electron bursts does not allow the use of surface masks that can localize the implant site to within the ion beam diameter, since secondary electrons are produced regardless of whether the ion impact is in the mask or the substrate.
Here we demonstrate a method for single-ion implantation that employs a high-purity active substrate to count the arrival of single ions and is compatible with the use of nanoscale surface masks. This method builds on our first proposal for a role for ion implantation to fabricate quantum computer devices, 11 and our subsequent development of active substrates employing integrated metal-oxidesemiconductor detectors, [12] [13] [14] now superseded by the present method. We demonstrate the use of this method to count 14-keV 31 P ions implanted ϳ20 nm deep into a high-purity silicon substrate for the fabrication of prototype devices containing counted donors. We also describe how this method can be extended to create ordered arrays of single donors.
Our method is based on the ion-beam-induced charge ͑IBIC͒ technique commonly used with MeV light ions ͑Z ഛ 2͒, 15 which we adapt to the keV heavy ion ͑Z Ͼ 2͒ regime. By detecting the ionization created by ion implants, this method has been used to count single 1 H + and 4 He + implants in the range 15-30 keV 16, 17 into silicon surface barrier detectors 18 and internally created neutron-induced recoils of 28 Si ions with an energy above 20 keV. 19 Counting single sub-20-keV implanted heavy ions is challenging because of the pulse height defect. 16 This arises because a fraction of the ion kinetic energy is dissipated by pathways other than ionization. A high-efficiency detector configuration is required to overcome this difficulty.
We employ a high-purity silicon substrate ͑Ͼ18 000 ⍀ cm͒ itself as the ion implantation detector. 20 Adjacent to the implantation site, we fabricate two surface aluminum detector electrodes that make contact with two boron-doped p-wells ͑ϳ10 20 cm −3 ͒ ͑see schematic in Fig like a conventional surface barrier detector, no front contact is necessary in the implant site and glancing angle IBIC measurements 21 confirm that the dead layer thickness has an upper bound of 7 nm and hence is nominally the same as the oxide layer thickness. A back contact consisting of an n-type phosphorus-diffused layer ͑10 20 cm −3 ͒ and Al contact completes a p-i-n structure. The substrate is depleted of charge carriers, ensuring high charge collection efficiency when the two surface electrodes are biased at −20 V. This results in a leakage current of less than 10 pA when the substrate is cooled to below 120 K to reduce the random thermal generation of carriers.
As modeled by SRIM, 22 a 14 keV 31 P + ion implanted into Si ͑with 5 nm SiO 2 surface layer͒ has a mean depth of 20 nm with lateral and longitudinal straggles of 8 and 11 nm, respectively. Only 34% of the initial kinetic energy produces ionization ͑which includes the contribution from the substrate Si recoils͒. Each implant will liberate about 1000 electron-hole ͑e − h + ͒ pairs which drift in the internal electric field and induce 23 a transient charge on the electrodes of duration 500 ns as calculated 24 using modeling packages for ion implantation ͑SRIM͒ and semiconductor devices TCAD. 25 To register the transient signal from ion impacts, the electrodes are coupled to a cooled MOXTEK four-terminal junction field effect transistor ͑JFET͒ MX20, 26 with an integrated transistor resetting circuit. An external preamplifier module controls the JFET, which is coupled to an ORTEC 672 spectroscopy amplifier that provides an analog pulse with a time constant of ϳ1 s and amplitude in proportion to the integrated charge induced in the electrodes. A multichannel analyzer or a sampling storage oscilloscope ͑sample interval 0.04 s͒ is used to sample each transient ͑see examples in Figs. 1 and 3͒ to confirm the correct pulse shape consistent with ion impacts. For low noise operation ͑Ͻ1.5 keV͒ it was necessary to acoustically isolate the sample stage and electronics and to mount the substrate on a ceramic holder that had the added advantage that it also reduced the input capacitance of the JFET with a consequent noise reduction. For pristine devices the collection time is much less than the recombination time, so that close to 100% charge collection is possible even for keV ion impacts. After implantion, a 5 s rapid thermal anneal to 950°C is necessary to repair damage and to activate the implanted donors.
To optimize the detector electrode design, the efficiency was measured for various geometries with a rastered, focused 2 MeV He + ion beam to map the charge collection efficiency at each point 15 ͓see example in Fig. 2͑c͔͒ . In this case each ion impact creates 550 000 e − h + pairs, allowing convenient measurements at room temperature with conventional electronics. Measured charge collection efficiencies were found to be greater than that of a reference Hammamatsu silicon pin photodiode ͑which has a relatively thick dead layer͒ at lateral distances up to 50 m from the surface electrodes. Therefore, the detector electrodes could be fabricated at more than our present 10 m from the implant zone, allowing convenient fabrication of nanocircuitry above the implant site. Prior to use for single-ion counting, the detection system is thoroughly tested by irradiation with the K ␣ and K ␤ x-rays from 55 Mn ͑5.894 and 6.489 keV, respectively͒, each of which produce a similar number of e − /h + pairs as a single 14 keV 31 P impact, but otherwise do no lattice damage to the substrate. A multichannel analyzer produces an x-ray pulse height ͑energy͒ spectrum ͓see example in Fig. 3͑a͔͒ , which demonstrates that the substrate is sufficiently sensitive to detect single ions. As shown in Fig. 3͑a͒ , the K ␣ and K ␤ Mn x-ray lines are just resolved; considerable incomplete charge collection is evident, as expected owing to the small scale of the sensitive volume near the electrodes of the substrate in comparison to the larger volume irradiated by the x-rays. Some low-energy x-rays from the source also contribute to the noise threshold. Nevertheless, this spectrum is characteristic of a viable device for detection of single-ion implants because it shows a system noise threshold of 1.1 keV or better.
Using a test device with a 10 m 2 construction zone ͑with thin 5 nm SiO 2 ͒, a 14 keV 31 P + pulse height spectrum was obtained from the charge transients of more than 6000 ion impacts ͓see Fig. 3͑b͔͒ . Due to statistical variations in ion trajectories, the exact number of e − /h + pairs and the resulting pulse height will vary between events, which is why the pulse height spectrum is broader for ions compared to x-rays, as observed experimentally in Fig. 3 . Assuming a 3.8 eV e − /h + pair creation energy in silicon at 77 K, SRIM predicts the 14 keV 31 P peak should be at 4.8 keV instead of 3.5 keV as observed. However, more than 98% of the signals are above the noise threshold showing that single ion impacts can be reliably detected.
The implant zone is surprisingly robust to ion implantation. Ion implant damage in the surface 20 nm of the substrate was expected to rapidly degrade the ion signal. Instead, we find a gradual reduction in the pulse height ͓see Fig. 3͑b͒ inset͔, with some evidence of saturation of the signal presumably when the surface silicon layer ͑down to the ion range͒ is uniformly damaged by ion impacts leading to charge trapping and recombination. Fitting an exponential to the shift in the peak centroid as a function of ion fluence suggests that each ion effectively deactivates a 40± 4 nm diameter area that can be assumed to extend in depth to the 20 nm end of range of the incident ions.
Further tests were done with devices configured with a 150 nm thick polymethylmethacrylate mask containing apertures exposed in the mask using e-beam lithography ͑EBL͒ and standard development processes. This thickness is sufficient to stop all 14-keV 31 P + ions from entering the substrate as well as the forward recoils from the atoms in the resist. A mask containing 400 apertures, each 20 nm in diameter, was used to detect ϳ750 ion impacts ͑ϳ2 impacts per aperture͒ without a discernable change in the peak centroid ͓Fig. 3͑c͔͒, showing that induced charge can escape the damaged region created by a first ion impact to yield a measurable signal from a subsequent ion impact.
This technique can be used in conjunction with a masked device configured with two 20 nm apertures to fabricate a two-donor device ͑see schematic in Fig. 1͒ . The device is then subjected to ion bombardment with a broad-area beam ͑we used 200 m diameter͒ until two ion impacts are counted from the electrode signals ͓see Fig. 3͑c͒ inset͔. Ions that are stopped by the mask do not result in any electrode signals.
At present we are applying a uniform areal ion dose to our masked substrates, so that ion placement is random between the apertures. For test devices intended to realize Si:P charge qubits, 3 this leads to a 50% probability of correctly configuring a device with one P atom at each site, sufficient for proof-of-principle experiments. However, for large-scale donor arrays it will be necessary to direct each ion to its appropriate EBL-machined aperture at its array site using a FIB.
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